The development of biofuel is an important measure to meet the USA's energy challenges in the future. In the 2007 Energy Independence and Security Act, the US government mandated that 136 billion l of biofuel will be produced by 2022, of which 60 billion l will be cellulosic ethanol derived from biomass [1] [2] [3] 101] . Biofuels from biomass feedstocks are more attractive because biomass is a domestic, secure and abundant feedstock. There are several sources of biomass feedstocks in forest and agricultural lands. The agricultural resources for biomass include annual crop residues, perennial crops, and miscellaneous process residues and manure [3, 4] . Among the agricultural sources, the dedicated biofuel crops based on perennial species are considered to be the future of the biofuel industry and are the focus of intense research [3, 4, [5] [6] [7] [8] [9] [10] [11] [12] [13] . In addition, perennial biofuel crops can also provide other environmental and ecological benefits such as improving soil health, providing wildlife habitat, increasing carbon sequestration, reducing soil erosion and enhancing water conservation [4, 14, 102] . A key factor for meeting the government's goal is the development of biomass feedstocks with high yield as well as ideal quality for conversion to liquid fuels and valuable chemicals [3, 4] .
The Northern Great Plains (NGP) has been identified as an important area for biomass production. In particular, North Dakota is ranked first in terms of its potential for producing perennial grasses and other dedicated biofuel crops among the 50 states [3] . With approximately 1.2 million ha of Conservation Reserve Program land and over 2.8 million ha of marginal land that are not suitable for cropping, the state has great
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potential for liquid biofuel production from biomass crops such as perennial grasses [102] . Before the great potential for biofuel production can be realized, questions still remain for developing management practices and their economic and environmental benefits for biofuel crops, such as appropriate species in certain areas, biomass yield potential and quality, harvesting scheduling (e.g., annual vs biennial harvest), and effects on soil health and carbon sequestration. To answer these questions, a 10-year long-term study was initiated and established in 2006 to evaluate ten cool and warm-season grasses and mixtures across North Dakota [102] .
Chemical composition of biomass feedstock affects the efficiency of biofuel production and energy output [5, 15, 16, 101, 103] . The major parts of the chemical composition in the perennial biomass feedstocks are lignocellulose, including cellulose (CE), hemi cellulose (HCE) and lignin; and mineral elements such as ash [5, 15, 101] . Biomass may be converted into energy by direct combustion or by producing liquid fuels (mainly ethanol) using different technologies. For converting cellulosic biomass into ethanol, the conversion technologies generally fall into two major categories: biochemical and thermochemical [15, 16, 101] . Biochemical conversion refers to the fermentation of carbohydrates by breakdown of feedstocks. Thermochemical conversion includes the gasification and pyrolysis of biomass into synthetic gas or liquid oil for further fermentation or catalysis. Currently, the US Environmental Protection Agency lists six conversion categories from different companies for ethanol from biomass [101] . Both biochemical and thermochemical technologies have advantages and disadvantages. A main benefit of gasification/pyrolysis over the biochemical process is that the gasfication-fermentation process can use a wide range of biomass feedstocks [101, 103] . Different conversion technologies may require different biomass quality attributes. For ethanol production from a biochemical process (fermentation), ideal biomass composition would contain high concentrations of CE and hemicellulose but low concentration of lignin [15, 16] , while for gasification-fermentation conversion technology, low lignin may not be necessary [6] . For direct combustion and some thermochemical conversion processes, high ash content can reduce the effectiveness and chemical output [5, 15, 16] .
Among the perennial grasses for biofuel production, biomass yield and composition of switchgrass have been investigated in many studies [5, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . As with yield, biomass composition is affected by genetic and environmental factors, as well as by management practices, such as nitrogen (N) fertilization and harvest timing. Lemus et al. evaluated 20 switchgrass populations in southern Iowa [8] . The results showed that both yield and quality traits were different among switchgrass cultivars. The high yielding cultivars generally had low ash content. Waramit et al. investigated the biomass composition of four native warm-season grasses (switchgrass, big bluestem, eastern gamagrass and indiangrass) as affected by N rates and harvest dates [5] . They found that higher N fertilizer rate (140 kg/ha) and fall harvest generally resulted in optimal composition for biomass feedstock production when harvesting the grasses once a year. Guretzky et al. investigated the possibility for harvesting switchgrass twice a year and indicated that the treatments harvesting twice a year had higher biomass yield but lower neutral detergent fiber (NDF) and acid detergent fiber (ADF) contents than those harvesting once a year. In addition, harvesting switchgrass twice a year required more N fertilization [9] . In the NGP, biomass yield and composition have been reported in switchgrass [10] [11] [12] [13] . For example, Berdahl et al. investigated biomass yield and survival in diverse switchgrass cultivars in western North Dakota [12] . Mulkey et al. investigated the management of switchgrass in Conservation Reserve Program land in South Dakota and showed that harvesting switchgrass once a year after a killing frost and applying N at 56 kg/ha was an effective system for biomass yield and quality [10] . However, little is known about the chemical composition in other grass species and mixtures in the NGP. The objective of this study was to investigate chemical composition of different perennial grasses and mixtures from western to eastern North Dakota.
Materials & methods
A 10-year field study was initiated in 2006 to evaluate ten entries of perennial grasses and mixtures for biomass production under two-harvest scheduling (annual and biennial). The establishment year was 2006 and the study will be conducted continuously through to 2016 or beyond. The experimental design was a completely randomized block design with four blocks as replications. The plot size was 4.6 m wide and 9.2 m long. The plots were established in 2006 at five locations in North Dakota State University Research Extension Centers across North Dakota (Figure 1) . The ten entries of grasses and mixtures and the seeding rates are shown in [12] . The grasses and mixtures were seeded in the week of 15-19 May 2006 using a small plot drill with ten rows and 15-cm row spacing. At Williston, field plots were seeded and managed under both dryland and irrigated conditions. The plots at the other locations were managed under dryland conditions. In total, the grasses and mixtures were grown in six different environments. Across the locations, long-term growing season precipitation varied from 318 mm at Williston in the west to 431 mm at Carrington in the east. However, the variation of mean temperature was smaller from the west to the east (Table 2) The samples for chemical composition ana lysis were from plots harvested in the fall of 2007 using three replications. Since the plot numbers were not arranged randomly in the first replication, the samples from this replication were dropped for ana lysis. In 2007, the plots were harvested using a forage harvester during the second week of September after the grasses reached maturity stage. The biomass yield was determined by harvesting 11 m 2 (1.2 m wide and 9.2 m long). In each plot, a 1.2 m wide strip was cut from the center of the plot at approximately 15 cm stubble height and weighed by a scale in the harvester. A subsample was collected for determining fresh weight. All the subsamples were then dried in an oven (70°C) to constant weight for calculating moisture content. The total biomass yield was calculated using fresh weight and moisture content. For the plots with mixtures of species, the dominance of species was assessed by visual observations before harvesting. At the Hettinger location, switchgrass and big bluestem stands were very poor owing to dry summer and some winter damage in 2006. As such, yields of entries 1, 2 and 8 were considered as 0 for forage harvester, and samples were not collected for compositional ana lysis. For entry 9 (mixture of switchgrass and Altai wildrye), Altai wildrye stands were generally better than switchgrass but the height was lower than 15 cm. As a result, the biomass yield was considered as 0 for forage harvester. However, subsamples were still collected for compositional analysis. The Altai wildrye stands were still poor compared with tall and intermediate wheatgrass, although they were better than switchgrass and big bluestem.
After biomass yield determination, the dried subsamples were ground through a 1-mm sieve. NDF, ADF and acid detergent lignin (ADL) contents were determined using an ANKOM 200 Fiber Analyzer (ANKOM Technology Corp., Fairport, NY, USA). HCE and CE contents were determined by the difference between NDF and ADF, and the difference between ADF and ADL, respectively. The sample moisture level was measured after oven dry at 102°C for 12 h. Ash content was determined by combustion of samples in a muffle furnace at 500°C for 12 h. All the compositional variables of each sample were made using duplicated samples and the mean was reported with unit of g/kg dry matter.
Data were analyzed using SAS GLM procedure for ana lysis of variance [18] . The environments and entries of species/mixtures were considered as independent variables and biomass compositional parameters were considered as dependent variables. There were significant environment by species/mixture interactions for all measured compositional parameters. Therefore, additional ana lysis was conducted in each environment to compare differences among species/mixtures. Mean separations were based on least significant difference procedure. Pearson correlation coefficients were obtained using a SAS-CORR (correlation) procedure among yield and compositional parameters [18] .
Results & discussion

Biomass yield
Biomass yield data have been reported elsewhere [102] . Biomass yield varied largely across environments and mean yield ranged from 1.4 mg/ha in Williston dryland to 11 mg/ha in Carrington and Williston irrigated land. Among the species/mixtures, cool-season grasses such as 15-20% in Williston dryland). Although the Altai wildrye and Basin wildrye stands were better than switchgrass and big bluestem, they were still poor compared with tall and intermediate wheatgrass stands in these two environments. As a result, biomass yield in warm-season grasses and wildrye species was close to 0. In Minot, Carrington and Williston irrigated environments, the proportion of each species in the mixtures was close to the ratio as seeded. In the two wet environments (Williston irrigated and Carrington), switchgrass had higher yield than wheatgrass species. On the dryland plots at Minot and Streeter, tall and intermediate wheatgrass had higher yield than switchgrass. Across the six environments, Basin and Altai wildrye showed lower biomass yields than either switchgrass or wheatgrass species (Table 3) . Tall wheatgrass and intermediate wheatgrass performed well across environments in North Dakota. By contrast, performance of switchgrass was largely related to environment, particularly the seasonal precipitation. For dryland conditions, studies are still needed to address both establishment and persistence of switchgrass in the future. The first production year was 2007 and some of the species might not have reached full yield potential. The data from multiple years will elucidate the yield dynamics over time in these entries.
Biomass chemical composition
Overall
The main effects of entry and environment and entry by environment interaction were highly significant for all chemical compositional parameters (p<0.001). Among the parameters, NDF, ADL, HCE and ash contents were more related to environment as indicated by the higher F values in environmental effect (Table 4) . Since the data reported here were only from 1 year, it is impossible to evaluate year by location by entry interaction for the compositional parameters. There are probably year by entry and year by location interactions, and these interactions are needed to explore with data from multiple years in the future. Among the six environments, samples from Hettinger and Williston (both dryland and irrigated) had higher NDF and ADF contents than those in other environments, and the samples from Minot had the lowest NDF (Table 5 ).
Comparing the pure stands among species (switchgrass, tall wheatgrass and intermediate wheatgrass) across environments, tall wheatgrass consistently had the highest NDF, ADF and CE content. The NDF, ADF and CE contents in tall wheatgrass were 8, 12 and 17% higher, respectively, than those in Sunburst switchgrass, and were 5, 6 and 19% higher, respectively, than those in intermediate wheatgrass (Table 6 ). In addition, tall wheatgrass had lower ADL content than intermediate wheatgrass. Although there were no pure stands of wildrye species, the combination of Basin and Altai wildrye species allows comparison with other species; generally, the values of compositional variables in wildrye species were lower compared with other species.
The ADL content in switchgrass was related to cultivar, and Sunburst had lower ADL than the average of Trailblazer and Dakota. In general, switchgrass and wildrye had higher ash content than tall and intermediate wheatgrass (Table 6 ).
The differences in compositional parameters among mixtures were related to their dominant species (the dominance was visually assessed). Mixtures with tall wheatgrass or intermediate wheatgrass had higher NDF and ADF than those with switchgrass or wildrye. Tall wheatgrass mixtures had higher CE content than other mixtures. Mixtures of switchgrass and big bluestem had lower CE content than the mixtures with tall wheatgrass. However, switchgrass and mixture with big bluestem had higher HCE content than tall and intermediate wheatgrass, and intermediate wheatgrass had the lowest HCE. In general, tall wheatgrass and its mixtures had higher CE, lower ADL and lower ash contents than other species/mixtures (Table 6) .
For switchgrass, the mean values of NDF (733 g/kg for Sunburst and 737 g/kg for the average of Trailblazer and Dakota) and ADF (475 g/kg for Sunburst and 469 g/kg for the average of Trailblazer and Dakota) across environments were similar but the ADL levels (116 and 139 g/kg) were higher compared with other studies [8, 10, 11] . Lemus et al. showed that mean NDF, ADF and ADL were 755, 434 and 63 g/kg, respectively, [10] . There is little information in the lignocellulose contents in tall and intermediate wheatgrass when they are harvested at fall as biomass feedstocks because the two species have been mainly used as forage. The results of this study indicated that tall wheatgrass and intermediate wheatgrass either had similar or higher lignocelluloses as compared with switchgrass. Karki et al. also showed that tall wheatgrass had similar composition to switchgrass and has potential for ethanol production [19] . The CE, HCE and lignin contents were measured using an ANKOM 200 Fiber Analyzer. This method overestimated the CE and HCE contents but underestimated the lignin content [17] . Therefore, caution must be taken when compare the lignocellulose data from this study with other studies. Future studies may be needed to compare fiber ana lysis with other methods in order to accurately determine biomass composition in this long-term study.
Biomass chemical composition across environments
At Hettinger and Williston dryland, species and mixtures were dominated by tall and intermediate wheatgrass. Switchgrass and wildrye stands were poor [102] . In both environments, tall wheatgrass had higher NDF, HCE and CE contents than other species and mixtures. Ash content was low (65 g/kg at Hettinger and 52 g/kg at Williston dryland), and there were no significant differences in ash content among entries (Table 7) . Under irrigation at Williston, there were no significant differences in NDF, ADF and ash contents among entries (p > 0.05), but there were significant differences in ADL, HCE and CE (p < 0.05) ( Table 7) . Sunburst switchgrass, and tall wheatgrass and its mixtures had lower ADL content, while Dakota switchgrass and intermediate wheatgrass had higher ADL content. The highest HCE content was found in Sunburst switchgrass and its mixtures with tall wheatgrass and big bluestem, and the lowest HCE content was found among the entries with intermediate wheatgrass. Again, tall wheatgrass and mixture with Sunburst switchgrass had the highest CE, and intermediate wheatgrass and Dakota switchgrass had the lowest. Interestingly, the two switchgrass cultivars were different in ADL, HCE and CE contents, where Sunburst had lower ADL but higher HCE and CE contents than Dakota (Table 7) .
The differences in compositional parameters were all significant (p < 0.05) except ADL at Minot. Among the different species/mixtures, entries with tall wheatgrass had the highest NDF, ADF and CE contents but the lowest Research Article Xue, Nyren, Wang et al. Research Article Xue, Nyren, Wang et al. Research Article Xue, Nyren, Wang et al. ash content. By contrast, entries with switchgrass and wildrye had the lowest NDF, ADF and CE contents but highest ash content. There were no consistent differences in HCE content among species in Minot (Table 8) .
At Streeter, no differences in NDF, ADF, and CE contents were found among entries (p > 0.05). There were no consistent differences in ADL among species; however, entries with switchgrass and wildrye had higher HCE than tall wheatgrass and intermediate wheatgrass, and intermediate wheatgrass had the lowest HCE. Similar to Minot location, entries with switchgrass and wildrye had higher ash content than other species (Table 8) .
At Carrington, no differences in NDF and HCE were found among entries (p > 0.05). Entries with wildrye consistently had the lowest ADF, ADL and CE as compared with other species. Although tall and intermediate wheatgrass had lower yield than switchgrass, they had higher ADF and CE than switchgrass. Comparing two switchgrass cultivars, Sunburst had higher ADF and CE than Trailblazer but they had the same ADL levels. Among the entries, intermediate wheatgrass and its mixture with tall wheatgrass had higher ash content. However, switchgrass generally had lower ash content (Table 8) .
Correlations among biomass yield & chemical compositional parameters
The correlation coefficients among yield and compositional parameters averaged across environments are shown in Table 9 . Biomass yield had positive correlations with NDF, ADF and CE, but a negative correlation with ash content. The strong negative correlation between yield and ash content was also found in each environment (Williston irrigated, Streeter, Minot and Carrington) except Hettinger and Williston dryland (data not shown). The lack of correlation between biomass yield and ash content may be because of the narrow range in yield and ash content at Hettinger and Williston dryland. Lemus et al. found a strong negative correlation between biomass yield and ash content in switchgrass [8] . Among the lignocellulosic parameters, CE content was positively related to NDF and ADF but had no correlations with HCE and ADL. HCE had no correlations with any of the parameters (e.g., NDF, ADF, ADL and ash content). Ash content was negatively correlated with NDF, ADF and CE contents. The results indicated that biomass with higher yield has better lignocellulosic quality traits, as a result of higher NDF, ADF and CE. A negative correlation between biomass yield and ash content indicated biomass yield might be used to predict ash content. Pooling ash content and yield data across environments, there was a clear quadratic relationship between ash content and biomass yield (Figure 2) . The data presented here were only from one year. As such, the relationship between biomass yield and ash content needs to be verified and evaluated based on data from multiple years. 
Future perspective
The NGP has over 4 million ha of highly erodible and saline crop land. Development of perennial biofuel crops may provide long-term sustainability on these lands by reducing soil erosion, increasing soil organic matter, reducing GHGs and enhancing carbon sequestration. Therefore, the results from this long-term study are particularly important to address many major issues related to biomass production, and economic and environmental benefits.
The biomass yield and chemical composition data reported here were only from the first production year (2007). We expect to summarize these data from multiple years to better elucidate the effects of environments and species/mixtures on biomass yield and quality attributes. The ultimate goal is to develop agronomic practices for better managing perennial biofuel crops in the NGP.
Another important part of this study is to conduct economic and life cycle ana lysis using biomass and quality data. These analyses will not only help farmers to identify the best management solutions for producing biofuel crops but also provide the quantification of GHG emission reduction.
Executive summary
The biomass chemical composition was strongly affected by both environmental and genetic factors and their interactions. Several compositional variables (e.g., neutral detergent fiber [NDF] , acid detergent lignin [ADL], hemicellulose [HCE] , and ash content) were more influenced by environmental factors than genetic factors.
Biomass under dry conditions seemed to have higher NDF, ADL and HCE contents but lower cellulose (CE) content. Tall wheatgrass and intermediate wheatgrass generally had higher NDF, acid detergent fiber (ADF) and CE but lower ash contents than switchgrass and wildrye, while switchgrass and mixtures had higher HCE. Tall wheatgrass and Sunburst switchgrass had the lowest ADL content across environments.
There were positive correlations between biomass yield and NDF, ADF and CE contents. The CE content was positively related to NDF and ADF but had no correlations with HCE and ADL contents.
There was a strong negative correlation between yield and ash content. Combining with higher yields, tall and intermediate wheatgrass and switchgrass had optimal chemical compositions for biomass production across North Dakota. These species may be suitable for biomass feedstocks production.
The data reported here were only from one production year. The long-term environmental and genetic effects and their interaction on biomass composition will depend on data from multiple years.
The other environmental benefits such as soil quality, carbon sequestration, soil and water conservation, and crop nutrient cycling from this study will be regularly assessed during the study period; for example, the baseline data for soil physical and chemical properties were collected at each location before seeding. We plan to collect these soil data again in next year or two and at the end of the study to evaluate the changes of soil quality after planting perennial grasses.
